Purified inside-out photosystem II vesicles with retained capacity for oxygen evolution and a simple polypeptide composition were found to be more sensitive to washing with tris(hydroxymethyl)aminomethane (Tris) at alkaline pH than right-side out thylakoids. This suggests that the thylakoid membrane limits the penetration of the active unprotonated form of Tris.
INTRODUCTION
The least resolved components of the higher plant and algal photosynthetic electroh transport chain are those of the photosystem II associated oxygen evolving system. For other components of the thylakoid membrane, a successful approach towards characterization has been the isolation of functionally active preparations of simple polypeptide composition (7, 12, 15, 21) . Similar studies of the oxygen evolving system have been repeatedly hindered by its inaccessibility on the lumen surface of the thylakoid (24) and by its sensitivity towards the detergents necessary for fractionation (27) . Delipidation of membrane proteins by the amphiphilic detergent molecule and avid binding of the detergent to the proteins could abolish activity. Alternatively, retainment of the functional integrity of the oxygen evolving system may require specific association between polar groups extrinsic to the hydrophobic lipid bilayer. A novel experimental approach wherein mechanically disrupted thylakoids are fractionated in an aqueous two-phase system ( I, 2) permitted the isolation of inside-out vesicles (3, 33) . This technique has further been extended to the isolation of an inside-out photosystem II vesicle with a simple polypeptide composition and a retained capacity for oxygen evolution (l 0).
The oxygen evolution of thylakoids of normal sidedness can be inhibited by washing with tris-(hydroxymethyl)aminomethane (Tris) at alkaline pH and reactivated with the aid of dichlorophenol indophenol (DCPIP) in isotonic buffer (31, 32) . In this study various Tris treatments have been applied to the inside-out photosystem II vesicles in order to further investigate the mechanism of Tris-inactivation of oxygen evolution. Moreover we have reinvestigated the correlation between inactivation of oxygen evolution and the release of polypeptides and manganese using reconstitution experiments on Tris-treated inside-out photosystem II vesicles.
MATERIALS AND METHODS

Biological materials
Spinach (Spinacia oleracea L.) was grown under controlled conditions or obtained through the local market. Lamellar systems were isolated from osmotically lysed chloroplasts and were washed twice by cycles of centrifugation and resuspension (10) . Inside-out photosystem II vesicles, and right-side out vesicles were isolated by phase-partitioning in an aqueous two-phase system of dextran and polyethylene glycol as previously described (10) . Repeated cycles of phase-partitioning ensured that the isolated vesicles were of uniform composition.
Effect of various incubation conditions
upon the oxygen evolving capacity Each membrane preparation was incubated separately with Tris, glycylglycine or N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid (Hepes) with gentle stirring at 3-5 ~ A wide range of buffer concentrations (50-800 mM) and pH-values (6.5-9.0) were used in combination with the final chlorophyll (Chl) concentrations indicated in the figure legends. Photochemical assays were carried out on aliquots withdrawn at suitable time intervals just before measurement, and assayed immediately. Alternatively, the treated samples were stored at 77 K in the presence of 5% dimethylsulfoxide and each sample thawed just before the measurements. All buffers were pH-adjusted at 3-5 ~
Photochemical assays
Oxygen-evolution capacity was measured polarographically at 18 ~ in a medium composed of 50 mM-Hepes (pH 7.5), 0.4 M-sucrose, 100 mM-NaCI, 0.5 mM-phenyl-p-benzoquinone and sample aliquots equivalent to 20 pg Chl .m1-1. Restoration of Tris-inhibited oxygen evolution was carried out as described (9, 32) . DCPIP photoreduction was determined by following the rate of decrease in absorbance at 590 nm as previously described using water or 1,5-diphenylcarbazide (0.5 mM) as electron donor (1 I). The proton gradient formed by the different membrane preparations was determined as previously described (I 0, 33). P700 concentrations were determined from (i) difference spectra between the chemically reduced minus oxidized form (12) and from (ii) the light induced absorption changes at 700 nm due to P700 photo-oxidation. The reaction mixture in (ii) was composed of 20 mM-Hepes (pH 7.5), 50 mMNaCI, 0.5% Triton X-100, 2.5 mM-ascorbate L. E. A. H~NRV et al.: Photosynthetic oxygen evolution and thylakoids equivalent to 25 ~ag Chl.ml -t. The inclusion of ascorbate ensured a reasonably rapid dark decay of P700 +. An extinction coefficient of 64 mM-I'cm -I was used for calculating the amount of P700 (13) . Chlorophylls were determined spectrophotometrically in 80 % acetone and quantified according to AS-NON (6).
on illumination indicating their everted nature (10, 33) .
The polypeptide compositions of the thyla-
Electrophoretic analyses
Sodium dodecyl sulfate polyacrylamide gel electrophoresis was carried out using linear gradient gels (7.5 to 15%) as previously described (18) . After electrophoretic fractionation the gels were stained with tetramethylbenzidine (TMBZ) (14, 26) and subsequently with the protein stain Coomassie Blue R250. Where specified, samples for electrophoresis were concentrated using an Amicon Diaflo Ultrafiltration Unit (Amicon Corporation, Lexington, Mass. USA) with a PM 10 membrane.
Manganese determinations
Manganese was determined by tameless atomic absorption after nitric acid combustion of the membrane material.
RESULTS AND DISCUSSION
Characteristics of membrane preparations used
The membrane fractions used in this study were characterized by their Chl/P700 ratios, polypeptide composition and direction of proton pumping. P700 reaction center chlorophyll served as a marker for photosystem I. Isolation of functional components of the thylakoids combined with the analysis of photosynthetic nuclear gene mutants have previously allowed the assignment of certain polypeptides to the different components in the thylakoid (I 2, 18) and were accordingly also employed as markers for the membrane preparation. Illumination of thylakoids and right-side out vesicles partitioning to the polyethylene glycol rich upper phase results in normal proton uptake from the ambient medium (10, 22) . In contrast, the photosystem II vesicles which partition to the dextran rich lower phase show proton extrusion Samples for electrophoretic analysis were prepared as in (12) and the electrophoretic separation was carried out at 10 ~ on a 7.5-15% SDS-polyacrylamide gradient gel. The nomenclature system used for individual polypeptide bands is indicated in (12, 18) . ChI-P chlorophyll-protein; cyt f cytochrome/~ CFI chloroplast coupling factor. (1) . At the specified time intervals aliquots were withdrawn and the residual oxygen evolving activity determined as described in section 2.3.
koids and the photosystem II vesicles are shown in Figure 1 . The complex pattern of unfractionated thylakoids is similar to that of the right-side out vesicles partitioning to the polyethylene glycol rich upper phase, whereas the photosystem II vesicles are composed of few polypeptides. Especially notable is the depletion of polypeptides associated with photosystem I (chlorophyll a-protein 1 and the two low molecular weight Fe-S proteins) and the a and ~ subunits of the coupling factor CFI. The P700 content of the inside-out vesicles was very low resulting in a ratio of more than 2500 chlorophyll molecules per P700, which is consistent with earlier data that such vesicles are essentially photosystem II vesicles derived from the appressed regions of the chloroplast grana (3, 4, 5) . In contrast, the Chl/P700 ratio obtained for the right-side out vesicles and thylakoids were 450 and 480, respectively.
Effect of Tris-washing on thylakoids
The inhibition of oxygen evolution in thylakoids by alkaline Tris was dependent on both the duration of incubation and the concentration of Tris (Figure 2 ). The rate of inactivation increased progressively on increasing the Tris concentration. Thus, 50 % inactivation occurred approximately after 100 min at 50 mM and before 10 rain at 800 mM-Tris. Thylakoids aged in vitro show a time-dependent decrease in photochemical activity which appears to be related to alterations in membrane composition (I I). Hence, the observed inactivation of oxygen evolution by Tris has been normalized against the corresponding activity measured with thylakoids stored under similar conditions in a nonTris containing medium and assayed at identical time intervals.
The inhibition of oxygen evolution by Tris washing was found to be strongly pH-dependent Thylakoids (0.33 mg Chl.ml-0 were incubated separately (10 min) with 800 mM-Tris, Hepes or glycylglycine at 3-5 ~ in darkness. To terminate the reaction, the samples w.ere diluted 10 fold with a buffer composed of 100 mM-sucrose, 10 mM-sodium phosphate (pH 7.4) and 5 mM-NaC1. The membranes were then collected by centrifugation and assayed for oxygen evolution as described in section 2.3.
( Table I ). The lack of pronounced inhibition observed when other buffers such as Hepes or
Effect of Tris-washing on inside-out photosystem II vesicles
As the water-splitting site is directly accessible when inside-out vesicles are used, the effects of Tris can be studied without permeability restrictions. When the vesicles were subjected to a wash with 800 mM-Tris at pH 8.5, oxygen evolution was abolished. After inhibition by Tris, the inside-out vesicles could reduce DCPIP only when an artificial electron donor like di- Following the various washings, the vesicles (P) were collected by centrifugation and loaded on SDSpolyacrylamide gels next to the corresponding supernatants (S). At the end of the electrophoretic fractionation, the gels were stained for proteins with Coomassie Blue R250 (A) after initial staining with TMBZ (B). Of the four bands observed in B, those at 32,000 and 20,000 molecular weight are TMBZ positive whereas the two additional bands reflect the presence of chlorophyll. Electrophoretic conditions and nomenclature used to assign individual polypeptide bands are as in legend to Figure I. phenylcarbazide was added. This suggests that the primary effect of Tris on inside-out vesicles is on the oxidizing side of photosystem II as in the case for thylakoids (30, 31) .
Maintaining the Tris concentration of 800 mM, but reducing the amount of the amine by lowering the pH to 7.0, resulted in different degree of inhibition in the two types of vesicle preparations: While as much as 80% of the oxygen evolving activity was lost from the inside-out vesicles, only 35% was lost from right-side out thylakoids. The enhanced inhibi-tion seen with the inside-out vesicles at the low pH-value could indicate that restrictions of the permeability of the active Tris form are an important factor. However, the use of 800 mM Tris also results in a high ionic strength which by itself can inhibit oxygen evolution (35, 36) .
In order to study the possibility of permeability restrictions systematically, Tris-washing of inside-out vesicles and thylakoids was carried out at increasing concentrations of unprotonated Tris (Figure 3) . To avoid the effects of ionic strength, the concentration of protonated Tris was kept low and constant (50 mM). The different concentrations of unprotonated Tris were obtained by varying the total concentration of Tris and the pH, making use of the Henderson-Hasselbalch equation: CB pH = pKa + log where ca and CA are the concentrations of the free base and the protonated Tris form, respectively. The pKa value of Tris at 5 ~ is 8.9. At concentrations of 100 mi and above, both preparations were totally inhibited. At lower concentrations of Tris base the higher sensitivity of inside-out vesicles compared to right-side out thylakoids was seen. Thus inside-out vesicles showed 50% inhibition at 7 mi whereas the concentration of Tris base necessary to achieve the same degree of inhibition with thylakoids was twice that amount (I 3 mm). Upon elimination of the ionic strength effect, a differential sensitivity towards the unprotonated Tris base is thus still observed. This difference in inhibition between vesicles of opposite sidedness supports the idea of a slow diffusion of the unprotonated form of Tris from the stroma side of the thylakoid towards its lumen and is consistent with the long time needed for half maximal inhibition by low concentrations of Tris applied to right-side out vesicles and thylakoids (Figure 2) .
Effect of Tris washing on the polypeptide composition of inside-out photosystem II vesicles
The effect of Tris washing on the polypeptide composition of the inside-out photosystem II vesicles is shown in Figure 4 . For a direct comparison, the corresponding supernatant and pellet have been presented side by side. At the end of the various incubations, the vesicles were collected by centrifugation and each supernatant was concentrated by ultrafiltration (see section 2.4) to a volume identical with that of the corresponding resuspended vesicles. Hence, the electrophoretograms are directly comparable. Upon incubation with 50 mM-Tris pH 8.5, a single polypeptide with an apparent molecular weight of 32,000 was released (Figure 4 A) . At increased Tris concentration, the same polypeptide was present in the supernatant albeit in increased amounts (Figure 4 A and Figure 5 ). The loss of a polypeptide of similar size has earlier been reported (29, 34) . In contrast, the same treatments performed at pH 6.5 or treatments with Hepes buffer at pH 8.5 were unable to remove any polypeptides from the vesicles (Figure 4 A) . It is noteworthy that the 32,000 molecular weight polypeptide was not removed to any significant extent from purified vesicles having normal membrane side-orientation even when these were incubated with 800 mM-Tris at pH 8.5. Using unfractionated thylakoids such treatment resulted in the release of ribulose bisphosphate carboxylase and subunits of chloroplast coupling factor (34) .
Alkaline Tris washing of the inside-out vesicles did not, even under the most drastic conditions used, result in a complete removal of the Coomassie Blue stain from the 32,000 molecular weight region. This observation was unexpected in view of earlier results (34) . The question is therefore whether the remaining polypeptide in this region after Tris treatment represents the same but more firmly bound 32,000 molecular weight polypeptide or whether Figure 5 . The effect of freezing and thawing on the release of polypeptides from inside-out photosystem II vesicles_ After the various washings and treatments indicated, the vesicles (P) were collected by centrifugation and loaded next to the corresponding supernatants (S). Electrophoretic conditions as in Figure 1 .
it reveals the presence of other co-migrating polypeptides. Several polypeptides are known to migrate in this region of the gel (23) , specifically the DCMU-binding and atrazine-binding polypeptides (19, 25) , chlorophyll a/b-protein 1 (18) , cytochrome b-559 (16, 28) , a Mn-binding polypeptide (20) and cytochrome f (12) . All of these polypeptides except cytochrome f are known to be contained in the photosystem II vesicle (10), thus making identification solely based on electrophoretic behaviour ambiguous. The polypeptide released by Tris treatment (Figure 4 B) was not stained by TMBZ although a co-migrating TMBZ staining band was observed in the vesicles. The TMBZ stain has been suggested to be specific for heme-proteins (14, 26) . Unless the 32,000 molecular weight polypeptide loses its prosthetic group when released from the membrane, the absence of a TMBZ staining polypeptide in the supernatant also points towards the presence of different polypeptides with very similar apparent molecular weights.
Generally, repeated cycles of freezing and thawing a membrane result in the release of polypeptides (17) . Such freeze-thawing of insideout vesicles after the Tris-washing did not result in additional release of the 32,000 molecular weight polypeptide, although several polypeptides including one with a molecular weight of 32,000 appear in the supernatant when freezethawing is done without prior Tris-washing ( Figure 5 ). From this result it is concluded that all of the Tris removable 32,000 molecular weight polypeptide is released by 800 mM-Tris at pH 8.5.
A 23,000 molecular weight polypeptide is among the additional polypeptides released upon freezing and thawing the inside-out vesicles (Figure 5) . A polypeptide of similar electrophoretic mobility has been shown to restore oxygen evolution in salt washed, inside-out thylakoids (36) . The identity of these two polypeptides and the ones released in earlier preparations of inside-out vesicles (34) remain to be elucidated.
Effect of Tris-treatment on manganese content on inside-out photosystem II vesicles
Tris washing also releases manganese into the lumen of intact thylakoids as revealed by electron paramagnetic resonance measurements (8) . With inside-out vesicles Tris removable manganese should be found in the surrounding medium and recovered in the supernatant after centrifugation. The amount of manganese released from the inside-out vesicles was therefore determined in parallel with the decline in oxygen evolution. Washing of inside-out vesicles with 65 mM-Tris, pH 8.4 for 60 min resulted in 80 % inhibition of oxygen evolution but released only 20% of the manganese. A treatment just sufficient to effect 100 % inhibition (I 00 raM, pH 9.0, 60 min) released 70 % of the manganese leaving a membrane with 1.2 molecules Mn per 400 molecules chlorophyll. These latter conditions are similar to those employed for the restoration experiments (see section 3.6).
Reactivation of Tris inactivated oxygen evolution
In thylakoids, the reversibility of the Trismediated inactivation of oxygen evolution has been demonstrated (31) . Due to the localization of the oxygen evolving system on the lumen side of the thylakoids (24), polypeptides and manganese released from the system by the Tris treatment would be trapped in the lumen space of the thylakoids. Possibly, the reactivation observed reflects the rebinding of released polypeptides and/or manganese to the membrane. To study this possibility, preparations of inside-out and right-side out vesicles were compared. Following inactivation, the membrane vesicles were collected by centrifugation. Hence, components released from the inside-out vesicles would be in the ambient medium and separated away from the vesicles during the centrifugation step whereas this would not be the case with right-side out vesicles. For reactivation the washed vesicles were incubated with reduced DCPIP in isotonic buffer according to the procedure of YAMASHITA and TOMITA (32) . Restoration of oxygen evolution was possible with the inside-out vesicles and amounted to 70 % of the control rate observed with untreated vesicles. This reactivation was equal to that observed with right-side out vesicles and thylakoids. The reactivation of oxygen evolution of the inside-out vesicles thus can take place in the absence of the 32,000 molecular weight polypeptide and the Tris removable manganese.
The results suggest that neither this 32,000 molecular weight polypeptide nor the Tris extractable manganese are necessary for oxygen evolution. In such a case, the Tris may be assumed to affect an unreleased component of the membrane and this interaction may be reversed by DCPIPH2. Alternatively, the removal of the Tris extractable 32,000 molecular weight polypeptide and/or the manganese may cause a change in the oxygen evolving system which can be shunted by DCPIPH2.
